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• Population declines of lesser prairie-chickens attributed to loss of habitat.
• Use of remote sensing indicated that the Conservation Reserve Program mitigated grassland loss in Kansas, USA.
• The Conservation Reserve Program has increased the amount and connectivity of lesser prairie-chicken habitat in Kansas, USA.
• Future conservation should focus on increasing habitat quality rather than quantity for lesser prairie-chickens in Kansas.
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a b s t r a c t
Since the beginning of the 20th century, the overall occupied range of the lesser prairie-
chicken (Tympanuchus pallidicinctus) has declined by 84% commensurate with population
trends. Much of this decline has been attributed to the loss and fragmentation of native
grasslands throughout the lesser prairie-chicken range. However, quantification of changes
in land cover in the distribution of the lesser prairie-chicken is lacking. Our objectives
were to (1) document changes in the areal extent and connectivity of grasslands in the
identified lesser prairie-chicken range in Kansas, USA, (>60% of extant lesser prairie-
chicken population) from the 1950s to 2013 using remotely sensed data and (2) assess the
potential of the Conservation Reserve Program (U.S. Department of Agriculture Program
converting cropland to permanent cover; CRP) to mitigate grassland loss. Digital land
cover maps were generated on a decadal time step through spectral classification of
LANDSAT images and visual analysis of aerial photographs (1950s and 1960s). Landscape
composition and configuration were assessed using FRAGSTATS to compute a variety of
landscapemetricsmeasuring changes in the amount of grasslandpresent aswell as changes
in the size and configuration of grassland patches. With the exception of a single regional
portion of the range, nearly all of the grassland converted to cropland in the lesser prairie-
chicken range of Kansas occurred prior to the 1950s. Prior to the implementation of CRP,
the amount of grassland decreased 3.6% between the 1950s and 1985 from 18,455 km2
to 17,788 km2. Since 1985, the overall amount of grassland in the lesser prairie-chicken
range has increased 11.9% to 19,898 km2 due to implementation of CRP, although the area
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of grassland decreased between 1994 and 2013 as CRP contracts were not renewed by
landowners. Since 1986 grassland in Kansas became more connected and less fragmented
in response to the CRP. While the CRP has been successful in increasing grassland quantity
and connectivity throughout the lesser prairie-chicken range in Kansas, offsetting loss of
grassland since the 1950s, abundance and occupied range of lesser prairie-chickens has
declined since the 1980s, suggesting that habitat quality is the principal factor influencing
population demography of the species. Although the CRP is contributing to conservation
actions for lesser prairie-chickens, efforts to improve habitat quality throughout the range
of the lesser prairie-chicken are likely necessary to meet management goals. Continuation
of the CRP faces an uncertain future in the face of rising commodity prices, energy
development, and reduction in program scope, leaving open the possibility that these areas
that have created habitat for lesser prairie-chickens could be lost.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The lesser prairie-chicken (Tympanuchus pallidicinctus) is a species of prairie grouse found in five states (Colorado, Kansas,
NewMexico, Oklahoma, and Texas, USA) across the SouthernGreat Plains (Hagen et al., 2004; Boal andHaukos, 2016). During
the past 2 decades, concern regarding declines in species abundance and range occupancy has resulted in a short-term listing
of the lesser prairie-chicken as threatened under the Endangered Species Act (Boal and Haukos, 2016; USFWS, 2016; Van
Pelt, 2016). The principal reason assumed for the species long-term decline is the loss and fragmentation of habitat resulting
from agricultural conversion throughout its distribution (Boal and Haukos, 2016). Top-down stressors such as woodland
encroachment and industrial development have exacerbated more recent declines (e.g., Bartuszevige and Daniels, 2016;
Lautenbach et al., 2016). Local scale stressors, including drought, extreme weather events, unmanaged grazing, and changes
in fire regime, have led to declining habitat quality (Crawford and Bolen, 1976; Fuhlendorf et al., 2002; Pitman et al., 2005;
Grisham et al., 2013; Boal and Haukos, 2016; Haukos and Zavaleta, 2016).
There have been multiple government-sponsored programs to slow and reverse the conversion of native grassland to
cropland since the 1930s; themost contemporary and prevalent in the Great Plains being the Conservation Reserve Program
(CRP), a cost-share payment program under the United States Department of Agriculture (USDA), Farm Services Agency
(Ribic et al., 2009). The origins of CRP traces to the conservation branch of the Soil Bank Program in the 1950s, but the Food
Security Act of 1985 (i.e., FarmBill) established the CRP nationally (Askins et al., 2007; Ribic et al., 2009). The initial objectives
of the CRP were to establish perennial grass cover on former row-crop fields with highly erodible soils to reduce soil erosion
and surplus commodity crops. Additional benefits of CRP include improved water quality and wildlife habitat (Askins et al.,
2007; White et al., 2010; Dahlgren et al., 2016; Rodgers, 2016).
The lesser prairie-chicken has been considered an umbrella species for other grassland bird species, which have
experienced some of the more severe population declines across North America (Brennan and Kuvlesky, 2005). However,
CRP lands have provided habitat diversity and connectivity at large landscape scales, which increase grassland avian species
density and diversity (Ribic et al., 2009). For example, CRP increases the abundance of arthropod species, a significant food
source for lesser prairie-chickens and other grassland birds, relative to neighboring croplands (McIntyre and Thompson,
2003; Fields, 2004). Across the range of the lesser prairie-chicken, there has been>20,300 km2 of area under CRP contracts
from 1986 through 2014 (Elmore and Dahlgren, 2016).
Lesser prairie-chicken populations require large patches of grassland to persist, with estimates ofminimumpatch sizes of
accessible native grasslands for self-sustaining populations ranging from 4,900 ha to 20,236 ha (Haukos and Zavaleta, 2016).
Although much of the presumed range of the lesser prairie-chicken is semi-arid and dominated by short grasses, grassland
patches occupied by lesser prairie-chickens are most often characterized by mid- and tall-grasses and frequently include a
native shrub component (e.g., sand sagebrush [Artemisia filifolia], sand shinnery oak [Quercus havardii]; Haukos and Zavaleta,
2016). Given the need for large, intact grasslands, established CRP grasslandsmay contribute to increasing habitat patch size
and connectivity at a landscape scale that exceeds thresholds for persistence of lesser prairie-chicken populations. Further,
lesser prairie-chickens select habitat based on vegetation structure, and to a lesser extent, vegetation composition (Hagen
et al., 2013; Larsson et al., 2013). These choices are primarily influenced by the unique ecology of lesser prairie-chickens,
which require life-history dependent (e.g., breeding, nesting, brooding, and non-brooding seasons) combinations of spatial
and specific habitat configuration (Haukos and Zavaleta, 2016). In some areas of the lesser prairie-chicken range, CRP may
provide vegetation structure unavailable or at relatively low densities that benefits lesser prairie-chickens (Dahlgren et al.,
2016).
Given the historical dynamics of land cover and use (i.e., the ebb and flow of exploitation and conservation) during the
past 75 years, documenting temporal changes in the areal extent and connectivity of grassland across the lesser prairie-
chicken range provides a baseline for analyzing relationships among landscape metrics of available habitat (i.e., grasslands)
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and population size. Further, quantifying how the CRP has contributed to changes in land cover within range of the lesser
prairie-chicken will aid in focused conservation efforts.
Based on contemporary surveys, Kansas landscapes supportmost of the remaining lesser prairie-chickens in three defined
ecoregions (McDonald et al., 2014a). Historically, lesser prairie-chickenswerepredominately found in Sand SagebrushPrairie
and Mixed-Grass Prairie Ecoregions south of the Arkansas River in Kansas (Fig. 1, McDonald et al., 2014a; Garton et al.,
2016). The Short-Grass Prairie/CRP Mosaic Ecoregion north of the Arkansas River in northwestern Kansas, was not generally
considered habitat for the lesser prairie-chicken because of the lack of suitable cover due the predominance of short-grass
species and extensive loss and fragmentation of mid- and tall-grass grassland patches across the ecoregion (Rodgers, 2016).
However, conversion of croplands since the mid-1990s to perennial mid- and tall-grasses through the CRP has apparently
facilitated a northward expansion of the lesser prairie-chicken range in the Short-Grass Prairie/CRP Mosaic Ecoregion
(Rodgers, 1999, 2016; Fields, 2004; Rodgers and Hoffman, 2005; Fields et al., 2006; Dahlgren et al., 2016; Oyler-McCance et
al., 2016). Native grass plantings usingmixes that resembled historic mixed-grass and tall-grass communities were required
planting for establishment of CRP lands in Kansas, which contrasted with the exotic grasses planted for the CRP throughout
much of the remaining range of the lesser prairie-chicken outside of Kansas. This policy difference increased habitat quality,
potentially increasing the available habitat and reduced fragmentation of grasslands throughout the Kansas landscape for
lesser prairie-chickens (Rodgers, 1999, 2016; Rodgers and Hoffman, 2005). Based on aerial surveys during 2012–2014,
the Short-Grass Prairie/CRP Mosaic Ecoregion in Kansas supported >60% of range-wide lesser prairie-chicken population
(McDonald et al., 2014b).
Although the CRP has been hypothesized as offsetting the loss of grasslands for lesser prairie-chickens and other grassland
birds, quantification of the spatial occurrence and influence of CRP on landscape composition is lacking throughout the range
of the lesser prairie-chicken. During the initial enrollment period for participation in the CRP from 1985 to 1994, 14.8million
ha (36.5 million acres) were converted from croplands to CRP fields nationally (Margheim, 1994). However, the relatively
short-term contracts of CRP enrollment (10–15 years) do not ensure that the conversion of croplands to grasslands will
persist longer than the duration of the contract, leaving open the possibility of future land cover changes (e.g., reversion to
row-crops). Researchers studying grassland ecosystems similar to the lesser prairie-chicken range have regularly used aerial
photography and satellite imagery to classify land cover and document temporal change (e.g., Egbert et al., 1998; Booth and
Tueller, 2003; Sant et al., 2014). Drummond (2007) used Landsat imagery to classify land cover across the northwestern
Great Plains and western High Plains from 1973 to 2000 to document the rate of change from grassland to cropland. Much
of the land cover change between those dates was attributed to the occurrence of CRP land (i.e., change from cropland to
grassland). Egbert et al. (1998) used Landsat imagery tomap CRP fields in Finney County, Kansas (in the lesser prairie-chicken
Sand Sagebrush Ecoregion), with an accuracy of approximately 88%.
Unlike traditional methods of recording land cover (e.g., field surveys, aerial photography), remote sensing imagery
allows researchers to visually re-examine field conditions at defined intervals to quantify changes in land cover without
physically measuring land cover (Sant et al., 2014). Government agencies (e.g., Army Map Service, USDA) have used aerial
photography since the mid-1900s to document land cover, timber harvest, and farm program implementation, creating a
valuable historical database on vegetation cover and condition (Cohen et al., 1996). Aerial photographs have also played a
pivotal role in supporting the management of ecological processes and modeling wildlife habitat (e.g., Grant et al., 2004;
Lauver et al., 2002; Morgan et al., 2010; Strand et al., 2012). Perhaps the greatest advantage of using aerial photography to
assess land cover change is that it is the longest available, temporally continuous record of landscape change (Morgan et al.,
2010). Satellite imagery has rendered aerial photography a secondary source of land cover data; however, satellite imagery
is limited in the temporal extent to the 1970s.
Since its inception in 1972, theNational Aeronautics and Space Administration’s (NASA) Landsat programhas beenwidely
used in change detection analysis because of the high temporal frequency and systematic collection of images (Morgan et al.,
2010). Landsat satellites follow 16-day return intervals, creating a series of images collected at a greater frequency than can
be reasonably be accomplished with aerial photography. In addition to the high temporal frequency over which images are
collected, the broad spatial coverage of each individual image (185 km×172 km) makes Landsat images ideal for mapping
regional or national scale land cover. Landsat images have been the basis formany large-scale land covermaps, including the
National Land Cover Data map series (Thogmartin et al., 2004). While there are key differences between aerial and satellite
images, datasets can be combined or used in combination to examine relatively long-term trends in landcover without
substantially reducing accuracy or precision.
While there has been extensive research assessing features of lesser prairie-chicken habitat, it has been primarily limited
to short-term, patch-level studieswith limited incorporation of long-term landscape-level populationpatterns anddynamics
(Woodward and Fuhlendorf, 2001; Hagen and Elmore, 2016). Use of remote sensing to assess landscape level changes in the
range of lesser prairie-chickens in Kansas since the 1950s will provide insight into the relationship between population
trends and land cover. Our objectives were to (1) classify changes in land cover within the lesser prairie-chicken range in
Kansas from the 1950s to 2013, (2) evaluate the influence of CRP on landscape change and configuration, and (3) document
temporal patterns in landscape extent and connectivity.
2. Study area
Land cover was classified based on the extent of lesser prairie-chicken occupied range in Kansas in 2012 and included
three distinct habitat ecoregions: the Sand Sagebrush Prairie Ecoregion in southwestern Kansas, the Mixed-Grass Prairie
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Fig. 1. The overall occupied range and six defined disjunct regions of the lesser prairie-chicken population in Kansas, USA, as delineated in 2012. Regions
1, 2, 4, and 5 accounted for >99% of the entire range in Kansas. Following McDonald et al. (2014a) Region 1 represents the Short-Grass Prairie/CRP Mosaic
Ecoregion, Region 2 represents the Mixed-Grass Prairie Ecoregion, and Regions 4 and 5 represent the Cimarron Sage and Arkansas Sage, respectively, in the
Sand Sagebrush Prairie Ecoregion.
Fig. 2. Representative landscapes for the Sand Sagebrush Prairie (a),Mixed-Grass Prairie (b), and Short-Grass Prairie/CRPMosaic (c) Ecoregions representing
the lesser prairie-chicken occupied range in Kansas, USA (photos a. and c. by J. Reitz, photo b. by J. Lautenbach).
Ecoregion in south-central Kansas, and the Short-Grass Prairie/CRP Mosaic Ecoregion in northwestern Kansas (Fig. 1;
McDonald et al., 2014a). We derived landscape metrics in the context of these three ecoregions, and the entire occupied
range of Kansas which included >37,000 km2 across the High Plains physiographic region and encompassed all or parts
of 36 counties (Fig. 1). This semi-arid region received <60cm of precipitation annually (declining from east to west) and
experienced periodic drought (Hagen et al., 2004). The range-wide landcover was a mosaic of native grasslands, shrublands,
and croplands (Fig. 2).
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The distribution of lesser prairie-chicken populations in Kansas is not continuous, with unique soils and vegetation
composition creating spatially distinct regions of occurrence. The∼37,000 km2 of presumed occupied lesser prairie-chicken
range in Kansas can be depicted as ametapopulationwith six uniquely-defined regions (Fig. 1). Each of the uniquely-defined
regions can be characterized by landscape metrics to assess changes in grassland occurrence at finer spatial scales than the
overall range. However, the largest four defined regions accounted for >99% of the range in Kansas (Fig. 1). We analyzed
landscape metrics across five spatial units using the same metrics, including landscapes for each of the dominant four
regions and the entire range of lesser prairie-chickens in Kansas. We subdivided the Sand Sagebrush Prairie Ecoregion into
the Arkansas River (Region 5 in Fig. 1) and Cimarron River (Region 4 in Fig. 1) as separate analysis units due to distinct spatial
separation.
2.1. Short-Grass Prairie
Short-Grass Prairie was defined as the northern most extent of the lesser prairie-chicken range and represented the
entire Short-Grass Prairie/CRP Mosaic Ecoregion (Short-Grass; hereafter) as defined by Van Pelt et al. (2013) and McDonald
et al. (2014a) (Region 1 in Fig. 1). Lying entirely north of the Arkansas River in Kansas, the landscape of the Short-Grass
was a mosaic of grazed short-grass and mixed-grass prairie, CRP fields, and dryland and irrigated cropland, extending
20,763 km2 across western Kansas, covering 19 counties. The ecoregion was comprised of short-grasses such as buffalograss
(Bouteloua dactyloides) and blue grama (B. gracilis), as well asmid-grass species such as sideoats grama (B. curtipendula), little
bluestem (Schizachyrium scoparium), sand dropseed (Sporobolus cryptandrus), and western wheatgrass (Pascopyrum smithii).
Average annual precipitation in this region ranges from 54 cm to 59 cm (National Oceanic and Atmospheric Administration;
http://noaa.gov).
2.2. Mixed-Grass Prairie
Bordering Oklahoma, Mixed-Grass Prairie represented the southern bound of the lesser prairie-chicken range in Kansas
and the eastern edge of the species range (Region 2 in Fig. 1). This was the second largest region of the lesser prairie-chicken
range in Kansas, encompassing 11,206 km2. Themajority of this rangewaswithin theMixed-Grass Prairie Ecoregion (Mixed-
Grass; hereafter) as defined by Van Pelt et al. (2013) and McDonald et al. (2014a), with some of the western portion of
this range occupying the Sand Sagebrush Prairie Ecoregion. The primary land use in this region was agriculture, including
livestock grazing and dryland and irrigated cropland. Average annual precipitation ranges from 50 cm to 63 cm (National
Oceanic and Atmospheric Administration, http://noaa.gov).
2.3. Sand Sagebrush Prairie
Cimarron River Sand Sagebrush Prairie (Cimarron Sage, hereafter: Region 4 in Fig. 1) was found in the southwest corner
of Kansas, bordering both Colorado and Oklahoma, associated with sandy soils adjacent to the Cimarron River, and falling
entirely within the Sand Sagebrush Prairie Ecoregion as defined by Van Pelt et al. (2013) and McDonald et al. (2014a). At
940 km2, it was the fourth largest region of the lesser prairie-chicken range in Kansas and covered parts of Morton and
Stevens counties. Amixture ofmid and tall-grasses, including sand bluestem (Andropogon hallii), little bluestem, switchgrass,
prairie sandreed (Calamovilfa longifolia), and sand dropseed were associated with sand sagebrush prairie. Cimarron River
contained large expanses of sand sagebrush prairie as well as isolated patches of mixed-grass prairie, with dryland and
irrigated cropland intermixed throughout the region. The annual average precipitation in Cimarron River is approximately
46 cm (National Oceanic and Atmospheric Administration, http://noaa.gov).
Arkansas River Sand Sagebrush Prairie (Arkansas Sage, hereafter; Region 5 in Fig. 1) was located in western Kansas,
including 3,854 km2 across eight counties in the Sand Sagebrush Prairie Ecoregion as defined by Van Pelt et al. (2013) and
McDonald et al. (2014a). Mid- and tall-grasses such as little bluestem, sand bluestem, switchgrass, prairie sandreed, and
sand dropseed comprised much of the native prairie on sandy soils. This region was divided by the Arkansas River with
the northern extent consisting of mixed-grass prairie and dryland crops and the southern extent being a mosaic of sand
sandbrush prairie, mixed-grass prairie, and irrigated crops. This region of the lesser prairie-chicken range has an annual
average of approximately 40 cm of precipitation (National Oceanic and Atmospheric Administration, http://noaa.gov).
3. Methods
3.1. Data acquisition
Images from each decade between the 1950s and 2013 were acquired to classify land cover across this time period
(Table 1). The 1950s was the earliest decade in which land cover was classified because it was the earliest decade in which
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Table 1
Source of imagery used to classify land cover within the lesser prairie-chicken range in Kansas, USA, for each decade of analysis from 1950–2013.
Year Source Type Cartographic scale Number of images
1950s Army map service Aerial photography 1:56,000 550
1960s U.S. Dept. Agriculture Aerial photography 1:20,000 5,183
1978 Landsat 2 Satellite imagery 1:100,000 5
1985 Landsat 5 Satellite imagery 1:100,000 10
1988 Landsat 5 Satellite imagery 1:100,000 10
1994 Landsat 5 Satellite imagery 1:100,000 10
2003 Landsat 5 Satellite imagery 1:100,000 10
2013 Landsat 8 Satellite imagery 1:100,000 10
Table 2
Definitions of landscape metrics derived using FRAGSTATS to compare change in composition, configuration,
and connectivity of grassland patches occurring in the range of the lesser prairie-chicken in Kansas, USA, from
the 1950s–2013.
Landscape metric Definition
Total area A measure of how much of the landscape was comprised of grassland
(ha).
Patch area The area of each individual patch of grassland (ha).
Percentage of landscape The proportional composition of grassland in the landscape.
Largest patch index The percentage of the total landscape that was comprised by the
largest patch of grassland.
Mean patch size The total area of grassland within the landscape divided by the number
of grassland patches.
Area-weighted mean patch size The total area of grassland divided by the number of grassland patches
while accounting for the proportional abundance of each patch
reflecting the conditions of random placement of a point onto the
landscape.
Effective mesh size The size of patches (ha) when grassland within the landscape was
divided into N areas of equal size with the same degree of landscape
division as obtained for the observed cumulative area distribution.
Total edge A measure of the total edge length of grassland patches (m).
Edge density The total length of grassland patch edges in the landscape, divided by
the total landscape area, measured in meters (m) per hectare (ha).
aerial photographs were available for the entire region of interest. Aerial photographs and satellite images were acquired
for a period in each decade following the 1950s to document changes in cover type. However for the 1980s, images were
gathered for two years, 1985 and 1988, to document land cover conditions prior to and after the implementation of the
CRP.
To create the 1950s land cover map of the lesser prairie-chicken range in Kansas, aerial photographs taken by the U.S.
Army Map Service were downloaded from the U.S. Geological Survey (USGS) Earth Explorer website (http://earthexplorer.
usgs.gov/). The aerial photos were taken between 1955 and 1958. Only vertical cartographic photos were considered, as
high or low oblique aerial photographs do not allow for accurate interpretation of land cover. The 550 aerial photographs at
a scale of 1:56,000 were then downloaded by county using the Bulk Downloading Application offered by the USGS website
to provide entire coverage of the range of the lesser prairie-chicken in Kansas.
The 1960s land covermap of the lesser prairie-chicken range in Kansaswas created by obtaining aerial photographs taken
by the U.S. Department of Agriculture (USDA). These photos were originally taken in 1963, 1965, or 1968. These photos were
scanned at a 600 dots-per-inch (dpi) resolution to allow for accurate visual interpretation of land cover. Scanning initially
took place at the Digital Collections Office of Hale Library at Kansas State University. Aerial photographs not stored at Hale
Library were scanned at the Kansas Applied Remote Sensing (KARS) laboratory at the University of Kansas. Photographs
that were neither available at Kansas State University or the University of Kansas were purchased from the USDA Aerial
Photography Field Office in Salt Lake City, Utah. We scanned 5,183 photos at a scale of 1:20,000 to complete coverage for the
entire lesser prairie-chicken range in Kansas for the 1960s.
Landsat satellite images were used to classify land cover for the periods of interest between 1978 and 2013. Landsat
images were downloaded from the USGS Earth Explorer website and selected by identifying the path and row number of the
desired image as well as the desired dates. Only images with <10% cloud cover were considered for analysis to minimize
atmospheric obstruction. Landsat 1 images were downloaded for 1978 classification. Landsat 5 images were downloaded for
1985 (prior to initial CRP implementation), 1988 (after initial CRP implementation), 1994, and 2003 classifications. Landsat
8 images were used for 2013 classification. Individual Landsat images are identified by their path and row number according
to theWorld Referencing System (WRS). Landsat 2 subscribed toWRS-1 while Landsat 5 and Landsat 8 usedWRS-2 to index
images. The path and row number of the Landsat 1 images used for classificationwere 31:34, 32:34, 33:34, 32:33, and 33:33.
The path and row number of the Landsat 5 and Landsat 8 images used for classification were 29:34, 30:33, 30:34, 31:33, and
31:34 (Spencer, 2014).
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Two images from different dates for each year were obtained for each path and row for a total of 10 images per period
of interest. The two images selected represented one image from the peak vegetation growing season (June/July/August)
and one from a winter month (December/January/February). Using images from multiple dates maximizes the spectral
differences of cover types over the course of a vegetation growing season.Within the lesser prairie-chicken range, wheat and
grassland are often spectrally confused during spring and summer months as both are in the midst of growing (Egbert et al.,
1998). Combining images from different dates of the year capitalizes on phenologic differences and improves classification
accuracy between cropland and grassland.
3.2. Pre-classification processing
Aerial photographs were georeferenced in ArcMap 10.2 using a satellite imagery base map as a reference template. The
North American Datum of 1983 (NAD83) was used as the projection to assign coordinate points in each image. All images
were assigned a minimum of five control points in the georeferencing process that amounted to a root-mean-squared error
no greater than 15, indicating each image was georeferenced to within 15 m of where the image was taken.
The lesser prairie-chicken range in Kansas was delineated as six regions (Fig. 1); however, the majority of the polygons
necessary to encompass each region did not fall entirely within a single Landsat image. Pre-processing of Landsat images
included stacking the bands from each image of the same path/row and year into one image. The six reflective bands from
each image were included in the stacking process, including the visible bands (blue/green/red), the near infrared band,
and both short-wave infrared bands. The output image was assigned to NAD83 projection to match the coordinates of the
georeferenced aerial photographs. Stacked images were subset by the portion of the lesser prairie-chicken range that fell
within the extent of each image. Polygons were divided along the edges of Landsat images so the area being classified
fell entirely within an image. This resulted in 11 separate polygons used to subset Landsat images prior to land cover
classification.
3.3. Landcover classification
An ISODATA unsupervised classification was used to classify image pixels to a landcover type within each image using
the Classification Workflow tool in the image analysis program ENVI (Exelis Visual Information Solutions). Unsupervised
classification was chosen over supervised classification after multiple trials with each method demonstrated unsupervised
classificationwas superior in differentiation among cover types. After testingmultiple parameters, pixels in each imagewere
grouped into 40 spectral clusters at a convergence threshold of 95%. These parameters were repeated for every unsupervised
classification. A visual overlay technique, in which each of the 40 clusters was overlaid on multispectral imagery was used
to define each cluster as either grassland or cropland. Because of the limited spatial resolution of Landsat images (30 m2),
and the large spatial and temporal scale being classified, classification was limited to differentiating between grassland
and cropland to allow for a more accurate, albeit coarser, level of classification among dates. The grassland class therefore
included short-, mixed-, and tall-grass prairie; sand sagebrush prairie; and CRP fields. Cropland referred to both dryland (i.e.,
wheat) and irrigated crops such as corn, sorghum, and alfalfa among others. Other reference data, such as high resolution
Google Earth imagery and ESRI’s satellite imagery base maps in ArcMap 10.2 were used to assist in the interpretation of the
land cover represented by each spectral class.
For each image, the majority of the 40 spectral clusters would accurately represent either grassland or cropland, yet
approximately five to six spectral clusters could not be differentiated between grassland and cropland; these clusters
contained an equal proportion of pixels representing grassland or cropland. These areas of confusion were often associated
with areas of bare ground in grassland and fallow crop fields, as well as riparian vegetation areas and heavily irrigated
cropland (Egbert et al., 1998). To address confused classes, a ‘‘cluster-busting’’ approach was initially employed (Egbert et
al., 1998). An image consisting of only the pixels from the confused class was created and ran through the Classification
Workflow tool to separate pixels into an additional six spectral clusters. These new clusters were defined as either grassland
or cropland using the same visual overlay technique and then merged back into the initial land cover map. This process had
varying degrees of success in separating confused classes depending on the image and class. In the event cluster busting was
unsuccessful, a vector shapefile was created by heads-up digitizing polygons in ArcMap 10.2 over areas that were classified
incorrectly. These polygons were assigned a value representing the correct land cover class, then merged into the raster,
effectively changing incorrectly classified pixels to their correct class.
The lesser prairie-chicken range in Kansas was subdivided into 11 polygons so the extent of each polygon would fit
entirely within the bounds of a Landsat image. Following classification, the 11 polygons were rejoined to the original six
regions. This was accomplished by adding the adjacent polygons into ArcMap 10.2 and digitizing along the border to create
a file representing the land cover on either side of the border. This file was used to join adjacent regions with the Append
Tool in ArcMap 10.2.
The six rasters representing the lesser prairie-chicken range in Kansas were converted into a single raster by loading
them into a raster catalog and then converting the raster catalog to a raster dataset. Two layers from the Kansas Land Cover
Mapping Project (Egbert et al., 1998), representingwater bodies and other urban areas, weremasked into the raster with the
Append tool, creating separate urban and water land cover classes. These layers were added from a separate source rather
than spectrally classified because of the spectral confusion associated with these classes, and given the small proportion of
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the landscape they represent, a more accurate representation of these classes was achieved by importing them from the
Kansas Land Cover Mapping Project.
While unsupervised classificationwas the technique used to create land covermaps from1985–2013, land covermaps for
1978, 1960s and 1950s were created by overlaying the subsequent decade’s land cover map and visually detecting change.
Despite having Landsat 1 images for 1978, the significant errors associated with many of the image bands, along with many
of the bands not being accurately georeferenced made spectral classification challenging. The infrared band from each 1978
Landsat 1 imagewas georeferenced to an RMS error no greater than 15m, and then the 1985mapwas overlain on the original
bands. A vector shapefilewas created to edit areaswhere land cover had changed.When a patch of landwas observed to have
changed from the subsequent decade, a polygonwas digitized over the area to reflect the nature of this change. After visually
inspecting the entire range and digitizing change in a shapefile, the vector shapefile was converted to a raster and masked
into a copy of the 1985 image, resulting in a land cover map for 1978. This process was repeated for the aerial photography
of the 1960s and 1950s to create land cover maps for those decades.
3.4. Classification accuracy
An accuracy assessment was conducted for the 2013 land cover map using a combination of field-gathered ground truth
points and randomly generated points in ArcMap 10.2. In August 2013, 35 points were visited and land cover data collected
throughout the lesser prairie-chicken range. Each location was chosen to represent a different type of land cover within the
range to encompass all the potentially different cover types that could fall under the categories of grassland or cropland.
Locations were considered viable if they were large expanses of a particular cover type. Patches smaller than the 30-m
by 30-m cell of a single Landsat pixel were not considered. At each location, the following data were recorded: Universal
Transverse Mercator (UTM) coordinates using a handheld global positioning system (GPS) device (Garmin Etrex Vista), the
cardinal direction the data recorder was facing in relation to the land cover patch of interest, a written description of the
plant species present as well as the proportional abundance of plant types (recorded as a percentage), and multiple photos
of the scene were taken. In addition to these point locations, 50 points describing local vegetative cover gathered by wildlife
biologists as part of concurrent research efforts were included to determine classification accuracy. These points, defined by
UTM coordinates, were gathered between June and August of 2013 at lesser prairie-chicken nest and used-point locations
and included a description of the dominant cover types present. To create amore robust sample to test classification accuracy,
an additional 420 points were randomly generated within the lesser prairie-chicken range using ArcMap 10.2. The cover
type at each point was determined by loading the point data into Google Earth and interpreting the high resolution imagery
(Kuemmerle et al., 2006). Values representing the cover type at each of the 505 sample points were recorded in an Excel
spreadsheet.
Sample points were overlain on the 2013 land cover map and land cover values were extracted and recorded in the Excel
spreadsheet. Using the statistical programR (RDevelopment Core Team, 2012), accuracywas determined by cross-tabulating
the values extracted from the land-cover map with the ground-truth values to produce an error matrix.
3.5. Post classification analyses
Land-cover maps were subsequently analyzed using the software program FRAGSTATS to compute a variety of landscape
metrics for each date and quantify changes between dates (McGarigal et al., 2012). In addition to analyzing the entire lesser
prairie-chicken range in Kansas, nine landscape metrics were computed for the four largest regions of the range for each
decade to allow for a comparison among regions and across time (Table 2).
To examine the outcomes of changes in land-use, advent of center-pivot irrigation, and implementation of CRP, we
identified four temporal units to further summarize our findings. We refer to changes in the landscape from 1950–1985
as ‘‘Pre-CRP’’, from 1950–1995 as ‘‘Post-CRP’’ from 1960–1978 as ‘‘Pivots’’, and the entire times series as ‘‘Long term’’.
4. Results
4.1. Classification accuracy
Of the 505 measured points, 454 were accurately classified in the 2013 land-cover map (Fig. 3) for an overall accuracy of
89.9% with a Kappa value of 80.9%. The Kappa statistic reflects the difference between actual agreement for the land cover
map and ground control points and agreement expected by chance. The 80.9% Kappa value indicates that there was 80.9%
better agreement in the land cover map then by chance alone. User accuracy for both cropland and grassland were 94.9%
and 94.3%, respectively, while the producer accuracy for cropland was 92.3% and 89.8% for grassland.
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Fig. 3. Land cover (grassland, cropland, water, and urban) extent of the lesser prairie-chicken range in Kansas, USA, in 2013.
4.2. Regional landscape characteristics
Overall, the total area of grassland in the lesser prairie-chicken range of Kansas increased 7.8% (1,442 km2) from 18,455
km2 to 19,898 km2 over the long-term (Table 3, Fig. 3). The long-term size-distribution of grassland patches remained
relatively constant in the lesser prairie-chicken range in Kansas, as the vast majority of patches were small (<10 ha) in
the 1950s (95.3%) and 2013 (95.4%) (Fig. 4). The long-term number of grassland patches between 1,000 and 10,000 km2
increased from 25 to 29, and, four patches persisted that were>10,000 km2.
Table 3
Summary statistics and trends of landscape metrics of grasslands (including Conservation Reserve Program [CRP]) for lesser prairie-chicken range in
Kansas, USA, 1950s–2013. Total area of grassland (km2), mean patch size (ha, x¯± SE), weighted area mean patch size (km2), Largest Patch Index (LPI [%]),
effective mesh size (Mesh [km2]), total combined edge (Edge [km]), and edge density (m−ha) are reported. Trends are reported as proportional change (∆)
between time periods Pre-CRP (1950s–1985), Post-CRP (1950s–1994), Pivot-irrigation development (Pivots [1960s–1978]), and for the entire time series
(Long term [1950s–2013]).
Year Total area x¯ patch size Wgt-mean patch size LPI Mesh Edge Edge density
1950s 18,455 22.5 (3.5) 449 3.42 225 111,949 30.35
1960s 18,454 22.5 (3.5) 449 3.42 225 111,954 30.35
1978 17,852 20.7 (3.2) 424 3.38 205 115,615 31.34
1985 17,788 20.5 (3.1) 399 3.38 193 116,095 31.47
1988 19,359 23.3 (3.8) 508 4.19 267 119,167 32.30
1994 20,371 25.3 (4.1) 519 4.22 287 120,149 32.57
2003 20,161 26.3 (4.2) 504 4.25 275 117,930 31.97
2013 19,898 24.3 (3.8) 491 4.05 265 119,592 32.42
Trend
∆ Pre-CRP −0.036 −0.088 −0.111 −0.012 −0.143 0.037 0.037
∆ Post-CRP 0.104 0.121 0.156 0.234 0.276 0.073 0.073
∆ Pivots −0.033 −0.080 −0.056 −0.012 −0.087 0.033 0.033
∆ Long term 0.078 0.077 0.094 0.184 0.180 0.068 0.068
4.3. Range-wide landscape metrics
Metrics of landscape configuration and connectivity of grasslands had temporal patterns similar to total area and percent
composition where grassland loss was measured Pre-CRP, but increases in grassland contributed to landscape connectivity
Post-CRP. Long-term mean patch size of grassland increased by 1.8 ha (Table 3). However, Pre-CRP mean patch size of
grassland decreased by 2 ha (–8.8%), but increased by 12.1% Post-CRP (Table 3). Long-term area-weightedmean patch size of
grassland in the lesser prairie-chicken range increased by 423 km2 (Table 3). The area-weightedmean patch size of grassland
decreased by 498 km2 Pre-CRP, but increased by 15.6% Post-CRP (Table 3). The Largest Patch Index (LPI) increased by 20.6%
long-term and was greatest in 2003 at 4.25% (Table 3). The effective mesh size increased 40 km2 long-term, after decreasing
by 32 km2 during Pre-CRP. The total edge of grassland patches increased 8,643 km long-term, and total edge reached its
maximum value in 1994 at 120,149 km. Edge density increased from 30.3 m−ha to 32.4 m−ha over the long-term (Table 3).
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Fig. 4. Distribution of grassland patch size (ha) across the lesser prairie-chicken range in Kansas, USA, during the 1950s and in 2013.
4.4. Short-Grass Prairie
Within Short-Grass Prairie, the total area of grassland increased 659 km2(7.3%) long-term (Table 4). Total area of grassland
decreased during Pre-CRP by 139 km2 (1.5%), followed by a 9.1% increase Post-CRP. Long-term, there was a slight increase in
the number of small (<10 ha) grassland patches from 95.7% and 95.9%. The number of grassland patches that were>1,000
ha and<10,000 ha decreased from 85 to 68, yet the number of grassland patches>10,000 ha increased from 15 to 18 over
the long-term.
Table 4
Summary statistics and trends of landscape metrics of grasslands (including Conservation Reserve Program [CRP]) for lesser prairie-chicken range in the
Short-Grass Prairie/CRP Ecoregion of northwest Kansas, USA, 1950s–2013 (Region 1). Total area of grassland (km2), mean patch size (ha, x¯±SE), weighted
area mean patch size (km2), Largest Patch Index (LPI [%]), effective mesh size (Mesh [km2]), total combined edge (Edge [km]), and edge density (m−ha) are
reported. Trends are reported as proportional change between time periods Pre-CRP (1950s–1985), Post-CRP (1950s–1994), Pivot-irrigation development
(Pivots [1960s–1978]), and for the entire time series (Long term [1950s–2013]).
Year Total area x¯ patch size Wgt-mean patch size LPI Mesh Edge Edge density
1950s 9,021 13.7 (1.8) 163 2.44 71 74,443 35.85
1960s 9,021 13.7 (1.8) 163 2.44 71 74,443 35.85
1978 8,883 13.3 (1.8) 159 2.37 68 74,858 36.05
1985 8,882 13.3 (1.8) 158 2.36 68 74,962 36.10
1988 9,534 14.9 (2.3) 230 3.13 106 75,021 36.13
1994 9,838 15.7 (2.5) 249 3.20 118 74,670 35.96
2003 9,660 16.6 (2.5) 215 3.19 100 72,010 34.68
2013 9,680 15.1 (2.3) 217 3.18 101 75,199 36.22
Trend
∆ Pre-CRP −0.015 −0.031 −0.031 −0.033 −0.042 0.007 0.007
∆ Post-CRP 0.091 0.142 0.528 0.311 0.662 0.003 0.003
∆ Pivots −0.015 −0.028 −0.025 −0.029 −0.042 0.006 0.006
∆ Long term 0.073 0.101 0.331 0.303 0.423 0.010 0.010
Long-term, grasslandmean patch size in Short-Grass Prairie increased by 10% (Table 4), but Pre-CRP grasslandmean patch
size decreased by 0.4 ha (–3.1%), followed by an increase of 14.2% Post-CRP. The area-weighted mean patch size of grassland
increased long-term from 163 km2 to 217 km2 (Table 4). Pre-CRP area-weighted mean patch size of grassland decreased by
5 km2, followed by an increase of 86 km2 Post-CRP. The LPI increased by 30.3%, long-term and, reached a maximum of 3.2%
in 1994 (Table 4). The effective mesh size of grassland patches increased 42%, long-term, despite a Pre-CRP decrease of 3.2
km2. Post-CRP gains in mesh size of 66.2% more than offset earlier decreases (Table 4). Both total edge of grassland patches
and edge density increased long-term, by 756 km and 0.4 m−ha, respectively (Table 4).
4.5. Mixed-Grass Prairie
Long-term total area of grassland in Mixed-Grass Prairie increased 552 km2 or 7.9% (Table 5). Pre-CRP, the total area of
grassland decreased by 146 km2, followed by an increase of 10.5%, Post-CRP. Long-term the percentage of small (<10 ha)
grassland patches increased from 93.2% to 94.4%. The number of grassland patches that were>1,000 ha increased long-term
from 38 to 40 patches.
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Table 5
Summary statistics and trends of landscape metrics of grasslands (including Conservation Reserve Program [CRP]) for lesser prairie-chicken range in the
Mixed-Grass Prairie Ecoregion (Red Hills) and eastern extent of the Sand Sagebrush Prairie associated with the Cimarron River in south-central Kansas,
USA, 1950s–2013 (Region 2). Total area of grassland (km2), mean patch size (ha, x¯± SE), weighted area mean patch size (km2), Largest Patch Index (LPI
[%]), effective mesh size (Mesh [km2]), total combined edge (Edge [km]), and Edge Density (m−ha) are reported. Trends are reported as proportional change
between time periods Pre-CRP (1950s–1985), Post-CRP (1950s–1994), Pivot-irrigation development (Pivots [1960s–1978]), and for the entire time series
(Long term [1950s–2013]).
Year Total area x¯ patch size Wgt-mean patch size LPI Mesh Edge Edge density
1950s 6,988 65.46 (21.2) 736 11.26 459 27,854 30.35
1960s 6,988 65.46 (21.2) 736 11.26 459 27,854 30.35
1978 6,840 55.06 (18.2) 749 11.13 457 29,394 31.34
1985 6,842 54.81 (18.2) 750 11.12 458 29,466 31.47
1988 7,592 60.48 (21.1) 928 13.78 629 31,910 32.30
1994 7,719 59.55 (20.7) 929 13.89 640 32,393 32.57
2003 7,706 57.66 (20.0) 926 13.98 636 32,740 31.97
2013 7,540 59.49 (20.5) 899 13.33 605 31,475 32.42
Trend
∆ Pre-CRP −0.021 −0.163 0.019 −0.012 −0.002 0.058 0.037
∆ Post-CRP 0.105 -0.090 0.262 0.234 0.394 0.163 0.073
∆ Pivots −0.021 −0.159 0.018 −0.012 −0.004 0.055 0.033
∆ Long term 0.079 −0.091 0.221 0.184 0.318 0.130 0.068
Mean patch size of grassland in Mixed-Grass Prairie decreased long-term by 6.0 ha (Table 5). Pre-CRP, grassland mean
patch size decreased by 10.6 ha, and Post-CRP it increased by 4.6 ha; however, it was not enough to offset the long-term
decline. Grassland area-weighted mean patch size increased 162 km2 long-term, and most of those gains realized during
Post-CRP when the area-weighted mean patch size increased by 192 km2. The LPI increased 17.7% long-term; reaching a
maximum value of 14.0% in 2003 (Table 5). The effective mesh size of grassland patches increased 145 km2 long-term,
but, Pre-CRP, effective mesh size of grassland patches decreased by 1.3 km2. Effective mesh size increased by 181 km2 for
Post-CRP. Both total edge and edge density of grassland patches increased 3,621 km and 3.1 m−ha long-term (Table 5).
4.6. Cimarron Sage
Within Cimarron Sage, the total area of grassland increased long-term by 122 km2 (27.9%) (Table 6). Pre-CRP, the total
area of grassland decreased by 4 km2 (0.009%), but increased 31.8% Post-CRP. Long-term, there was a slight decrease from
94.3% to 93.8% in the percentage of small (<10 ha) grassland patches. The number of grassland patches that were >1,000
ha decreased from 7 during the 1950s to 4 in 2013.
Table 6
Summary statistics and trends of landscape metrics of grasslands (including Conservation Reserve Program [CRP]) for lesser prairie-chicken range in the
western extent of the Sand Sagebrush Prairie associated with the Cimarron River in southwest Kansas, USA, 1950s–2013 (Region 4). Total area of grassland
(km2), mean patch size (ha, x¯±SE), area-weighted mean patch size (km2), Largest Patch Index (LPI [%]), effective mesh size (Mesh [km2]), total combined
edge (Edge [km]), and Edge Density (m−ha) are reported. Trends are reported as proportional change between time periods Pre-CRP (1950s–1985), Post-
CRP (1950s–1994), Pivot-irrigation development (Pivots [1960s–1978]), for the entire time series (Long term [1950s–2013]).
Year Total area x¯ patch size Wgt-mean patch size LPI Mesh Edge Edge density
1950s 440 30.65 (17.0) 136 24.85 63 1,760 18.73
1960s 440 30.65 (17.0) 136 24.85 63 1,760 18.73
1978 437 26.42 (14.1) 125 23.88 58 1,946 20.71
1985 436 26.41 (14.0) 125 23.88 58 1,963 20.89
1988 475 32.96 (17.1) 128 24.67 65 2,043 21.74
1994 580 59.73 (34.7) 197 31.51 121 2,063 21.95
2003 570 56.14 (32.7) 194 31.25 118 2,119 22.54
2013 562 53.92 (31.4) 191 30.92 114 2,126 22.62
Trend
∆ Pre-CRP −0.009 −0.138 −0.081 −0.039 −0.079 0.115 0.115
∆ Post-CRP 0.318 0.949 0.449 0.268 0.921 0.172 0.172
∆ Pivots −0.007 −0.138 −0.081 −0.039 −0.079 0.106 0.106
∆ Long term 0.277 0.759 0.404 0.244 0.810 0.208 0.208
The mean patch size of grassland in Cimarron Sage increased long-term by 23.3 ha (Table 6). Pre-CRP, grassland mean
patch size decreased by 4.5 ha, followed by a 95% increase Post-CRP to 59.7 ha. Long-term, area-weightedmean patch size of
grassland increased 554 km2 (Table 6). Pre-CRP, area-weighted mean patch size of grassland decreased by 103 km2(–8.1%)
and increased by 40.4% Post-CRP (Table 6). The LPI increased long-term from 24.8% to 30.9%; with the maximum value of
31.5% in 1994 (Table 6). The effective mesh size of grassland patches increased 51 km2, long-term. However, Pre-CRP the
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effectivemesh size decreased by 54 ‘km2, but increased 63 km2 Post-CRP. Long-term, total edge and edge density of grassland
patches increased 366 km and 3.9 m−ha, respectively, between the 1950s and 2013 (Table 6).
4.7. Arkansas Sage
Long-term, the total area of grassland in Arkansas Sage increased 92 km2 (4.7%; Table 7). Pre-CRP, the total area of
grassland decreased by 383 km2 (19.6%), but increased 202 km2 (37%) during Post-CRP. The percentage of small (<10 ha)
grassland patches decreased from 94.5% to 91.7%, long-term. The amount of large grassland patches remained relatively
constant, with grassland patches>1,000 ha increasing from 13 to 16 long-term.
Table 7
Summary statistics and trends of landscape metrics of grasslands (including Conservation Reserve Program [CRP]) for lesser prairie-chicken range in the
Sand Sagebrush Prairie associated with the Arkansas River in western Kansas, USA, 1950s –2013 (Region 5). Total area of grassland (km2), mean patch
size (ha, x¯± SE), weighted area mean patch size (km2), Largest Patch Index (LPI [%]), effective mesh size (Mesh [km2]), total combined edge (Edge [km]),
and Edge Density (m−ha) are reported. Trends are reported as proportional change between time periods Pre-CRP (1950s–1985), Post-CRP (1950s–1994),
Pivot-irrigation development (Pivots [1960s–1978]), and for the entire time series (Long term [1950s–2013]).
Year Total area x¯ patch size Wgt-mean patch size LPI Mesh Edge Edge density
1950s 1,958 50.30 (32.5) 820 32.42 417 7,558 19.61
1960s 1,956 50.23 (32.5) 819 32.38 419 7,562 19.62
1978 1,644 31.14 (18.7) 592 25.21 253 9,090 23.58
1985 1,575 28.56 (12.9) 323 17.02 132 9,355 24.27
1988 1,703 33.25 (14.2) 311 17.26 137 9,846 25.55
1994 2,160 56.05 (23.7) 388 18.53 217 10,700 27.76
2003 2,157 55.78 (23.6) 387 18.49 217 10,737 27.86
2013 2,050 50.14 (21.7) 385 18.39 205 10,462 27.14
Trend
∆ Pre-CRP −0.196 −0.432 −0.606 −0.475 −0.683 0.238 0.238
∆ Post-CRP 0.103 0.114 −0.527 −0.428 −0.480 0.416 0.416
∆ Pivots −0.160 −0.380 −0.277 −0.221 −0.396 0.202 0.202
∆ Long term 0.047 −0.003 −0.530 −0.433 −0.508 0.384 0.384
Grassland mean patch size in Arkansas Sage decreased by 0.1 ha long-term (Table 7). Pre-CRP, grassland mean patch
size decreased by 21.7 ha, but increased by 5.75 ha Post-CRP. The area-weighted mean patch size of grassland decreased by
445 km2 long-term with overall declines reported for each time frame (Table 7). The LPI was at a maximum of 32.4% during
the 1950s and decreased by 43.2% long-term (Table 7). Long-term, the effective mesh size of grassland patches decreased
211 km2 much ofwhich occurred Pre-CRP (284 km2). However, a 84 km2 gain inmesh size Post-CRP offset some of the earlier
losses. Long-term, total edge and edge density increased by 2,904 km and 7.5 m−ha, respectively (Table 7).
5. Discussion
Since the 1950s, the total amount of grasslandwithin the lesser prairie-chicken range of Kansas has increased in response
to the implementation of the CRP in 1986. Considering that loss and fragmentation of grasslands are primary threats to
the long-term persistence of lesser prairie-chicken populations, these results indicate that the CRP is an effective tool for
conserving and improving the quality of lesser prairie-chicken habitat at the landscape scale. Across the species range
in Kansas, grassland decreased by 3.6% between 1950 and 1985 (pre-CRP). This indicates that the majority of cropland
throughout the current rangewas converted from grassland prior to the 1950s. Themajor change in the amount of grassland
occurred between 1985 and 1988, the time period in which CRP was implemented, with an increase of 8.8% in grassland
during that period. The effects of CRP were fully realized by 1994, as the amount of grassland between 1988 and 1994
increased an additional 5.2%. Since 1994, the amount of grassland has slightly reduced as a result of declining CRP enrollment
and re-enrollment rates, as well as conversion of native grassland to cropland (Wright andWimberly, 2013); the amount of
grassland decreased by 1.3% between 2003 and 2013. While changes in the amount of grassland were not dramatic, the CRP
offset the area of grassland that was converted to row-crop agriculture, resulting in a net grassland increase of 7.8% since
the 1950s in the occupied range of the lesser prairie-chicken in Kansas.
Several statistics measuring grassland patch size suggest that the greatest benefit of CRP was increasing connectivity
among grassland patches. The progressive reduction of habitat patches is a key component of reducing landscape frag-
mentation (McGarigal et al., 2012). Thus, an increase or decrease in mean patch size, area-weighted mean patch size, and
effective mesh size can indicate a cover type that is either becoming more connected or fragmenting. The mean patch size,
area-weighted mean patch size, and effective mesh size increased by 7.7%, 9.4%, and 18%, respectively, between the 1950s
and 2013. While each statistic can be interpreted to represent a more connected landscape, the implications of each are
slightly different. Mean patch size is a patch-centric view of the landscape, in that each individual patch contributes equally
to the calculation of the mean, regardless of patch area. Because such a large proportion of the grassland patches were small
(84% of grassland patches ⩽1 ha; 95% ⩽10 ha), mean patch size does not reflect the most likely landscape metric of interest
when evaluating lesser prairie-chicken habitat, despite being an adequate measure of fragmentation. These measures of
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mean patch size were substantially lower than estimates of minimum habitat patch size needed for a self-sustaining lesser
prairie-chicken population, which range from 4,900 ha to 20,236 ha (Haukos and Zavaleta, 2016).
Area-weightedmean patch size remedies this issue by giving larger patchesmore influence (i.e., weight) on the calculated
mean. Area-weighted mean patch size provides a landscape-centric perspective of the landscape in that it represents that
average condition an animal dropped at random on the landscape would encounter (McGarigal et al., 2012). Given the large
quantity of small grassland patches throughout the lesser prairie-chicken range, area-weighted mean patch size is more
effective in estimating the size of patches available at the scale necessary for lesser prairie-chicken populations. The area-
weightedmean patch size calculated for the lesser prairie-chicken range in Kansas in 2013 (49,145.8 ha) exceeded the 4,900
ha to 20,236 ha range of habitat patch sizes estimated to support a lesser prairie-chicken population, indicating that across
the species range in Kansas, sufficient grassland was available to support populations within estimates of abundance since
the 1960s (Garton et al., 2016). However, in 2013, there were only 33 grassland patches>10,000 ha with four>100,000 ha
throughout the lesser prairie-chicken range in Kansas.
Effective mesh size, a statistic developed to measure subdivision, denotes the size of the patches when the landscape
is divided into N areas of the same size and of the same division as obtained from the cumulative patch distribution
(Jaeger, 2000). The advantage to using effective mesh size is that it is insensitive to the omission or addition of very small
patches, which comprise much of the range of the lesser prairie-chicken. Jaeger (2000) described the effective mesh size
as ‘‘area-proportionately additive’’; it characterizes the subdivision of a landscape independent of the landscape size. While
maintaining different interpretations of patch size, the increase in mean patch size, area-weighted mean patch size, and
effective mesh size from the 1950s to 2013 indicate that grassland within the lesser prairie-chicken range has become less
fragmented in response to implementation of CRP.
While statistics measuring patch size indicate grasslands have becomemore connected since the implementation of CRP,
measures of total edge and edge density of grassland patches slightly contradict this trend. Since the 1950s, both total edge
and edge density have increased by 6.8%. In the past, wildlife management intended to maximize edge habitat with the
belief that the juxtaposition of different habitats would increase species diversity (Leopold, 1933). More recently, studies
have suggested that edge effects such as changes in microclimate, vegetation, and predation along edges can have negative
effects on groups of native species (McGarigal et al., 2012). This has resulted in total edge being considered a key piece
of information in habitat fragmentation. However, many of the studies measuring habitat edge and its effects on wildlife
have focused on grassland-forest edges (Renfrew et al., 2005) rather than the grassland-cropland edges observed in the
lesser prairie-chicken range. It is more likely that the increase in grassland edge reflects a landscape transitioning from large
expanses of grassland to a more complex, yet connected, network of grassland patches; thereby, increasing the amount of
edge. In the majority of cases, entire cropland fields were converted to CRP, maintaining the geometric character of the
formerly farmed landscape (Egbert et al., 1998). Furthermore, recent CRP sign-ups that target environmental sensitive land
(e.g., continuous sign-up CRP) such as riparian buffers, wetland buffers, grass waterways, and contour grass strips increases
edge because relatively small areas within a cropland landscape are converted to CRP. Finally, center-pivot irrigation plots
often have small corner patches of grassland, which also contributed to the increase in the amount of grassland edge.
An increase in the amount of grassland edge in conjunction with an increase in the total amount of grassland creates a
complicated scenario for lesser prairie-chickens.While an increase in grassland provides additional habitat for lesser prairie-
chickens, an increase in edgemay result inmore fences being erected to separate different landuses (e.g., livestock grazing) or
land ownership. Although there is little evidence that fence-relatedmortalities influence population demography, increasing
density of fencesmay increase collision threat for lesser prairie-chickens in highly fragmented landscapes (Patten et al. 2005,
Wolfe et al., 2007; Haukos and Zavaleta, 2016; Robinson et al., 2016). It has been recommended that unnecessary fences
in high fence density areas, such as those surrounding CRP fields, be removed, or alternative fencing practices, such as the
electric fences that are lower in height (50–60 cm) be used to reduce the likelihood of collision (Wolfe et al., 2016). Of greater
concern is the increased mammalian predator density associated with grassland edges and corridors, including adult and
nest predators (Chalfoun et al., 2002; Haukos and Zavaleta, 2016; Robinson, 2015). Further, increasing perch sites for raptors
(i.e., fence posts), may increase mortality risk for lesser prairie-chickens (Dinkins et al., 2014; Robinson et al., 2016).
Largest Patch Index, a measurement of dominance of the largest grassland patch within a landscape, has been found to
be an important metric for lesser prairie-chickens (Bartuszevige and Daniels, 2016). Lek presence is related to the percent of
landscape that is unimpacted by anthropogenic features and, of the landscape variables measured, only Largest Patch Index
was related to the presence of leks (Bartuszevige and Daniels, 2016). Since the 1950s, the Largest Patch Index for the lesser
prairie-chicken range has increased by 18.4%, indicating that CRP has contributed to increasing the size of larger, contiguous
patches that could be improving the landscape for lek establishment.
The change in lesser prairie-chicken abundance across their range in Kansas does not appear to be related to the amount
of available grassland on the landscape. Although the Kansas range of the lesser prairie-chicken has experienced increases in
the total amount of grassland, grassland patch sizes, and connectivity of grassland patches since themid-1980s, abundance of
lesser prairie-chickens has declined 76% since 1978 (Ross et al., 2016). This decline is somewhat misleading considering that
Short-Grass Prairie was not represented in the long-term survey effort (see below); however, it is apparent that factors other
than available grassland are the primary drivers of lesser prairie-chicken populations in Kansas. Primary drivers of lesser
prairie-chicken population demography in Kansas are likely some combination of long-term changes in climate, short-term
periods of extreme weather (e.g., drought), declining habitat quality due to changes in vegetation structure, and avoidance
of anthropogenic structures that have increased during the past few decades (Hagen et al., 2011; Grisham et al., 2013, 2014;
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Ross et al., 2016). Furthermore, patterns of landscape change and lesser prairie-chicken trends are most informative at the
Region or population scales because these metrics have been evolving in differing patterns since the 1950s. Many of these
differences can be attributed to the agricultural practices in each region, which are a function of soil type, native vegetation,
and climate.
Short-Grass Prairie represents the ecoregion with the greatest abundance of lesser prairie-chickens (Short-Grass
Prairie/CRP Mosaic Ecoregion McDonald et al., 2014b). However, the contemporary presence of lesser prairie-chickens in
the ecoregion has only been documented since the mid-1990s (Dahlgren et al., 2016; Rodgers, 2016). The establishment of
CRP is the conventional explanation for the recent range expansion (Rodgers, 2016). The percentage of landscape attributed
to grassland has not exceeded 48% since 1950 and only increased from43.3% to 46.6%, between the 1950s and 2013. Although
the area of grassland changed little from the 1950s to 1985, the establishment of CRP increased grassland area by 7.3%. These
findings suggest that much of the grassland conversion to cropland occurred prior to the 1950s, and given the small amount
of conversion between the 1950s and 1985 (1.6% decrease in grassland), much of the suitable land for farming had already
been converted despite advances in irrigation technology since the 1960s.
Because the area of grassland has changed little during the past 50 years, it is unlikely that increase in grassland area due
to CRP alone caused the colonization or range expansion by lesser prairie-chickens. Another, yet undiscovered, ecological
aspect or landscape feature appears responsible for the increased abundance of lesser prairie-chickens north of the Arkansas
river inKansas since the late 1990s. At the landscape scale, establishment of CRP reducedhabitat fragmentation to a point that
may exceed the yet unknownminimum level necessary to support lesser prairie-chicken populations. Of the 4major regions,
Short-Grass Prairie was historically the most fragmented based onmeasures of patch size; associatedmean patch size, area-
weighted mean patch size, and effective mesh size were lower than the range-wide average for every decade analyzed.
The major landscape effect of the implementation of CRP in Short-Grass Prairie was increasing the size and connectivity of
grassland patches. The positive gains inmean patch size (10.1% increase since 1950), area-weightedmean patch size (32.9%),
and effective mesh size (42.6%) all indicate that grasslands have become increasingly connected throughout Short-Grass
Prairie as the result of CRP. This increase in connectivity was also reflected in the 2.5% decrease in the number of grassland
patches and a 33.3% increase in the Largest Patch Index between the 1950s and 2013.
The addition of habitat structure diversity by CRP that was more compatible with the habitat needs of lesser prairie-
chicken populations likely had a greater influence on population expansion than the effect of increasing grassland area.
Short-Grass Prairie was historically dominated by short-grass species, with limited areas of mid or tall grasses or shrubs.
Because the lesser prairie-chicken relies upon vegetation for concealment and thermoregulation, the short stature of short-
grass prairie species are not viable habitat (Haukos and Zavaleta, 2016). In Kansas, CRP land was required to be planted
with a mixture of native plants resembling mixed-grass and tall-grass prairies (Rodgers, 2016). Most biologists believe the
change in vegetative community structure provided by CRP, along with favorable environmental conditions compared to
other regions, enhanced the Short-Grass Prairie/CRPMosaic Ecoregion sufficiently to provide habitat for a sustainable lesser
prairie-chicken population (Dahlgren et al., 2016).
Mixed-Grass Prairie of the lesser prairie-chicken range was the most grassland-dominated region in Kansas. Since the
1950s, grassland has accounted for >61% of the landscape in this region, with the total area of grassland increasing by
7.9% by 2013. Historically, the lack of consistent water sources, along with sandy soils, limited farming activity in this area.
While center-pivot irrigation technology increased agricultural development in this region during the 1960s and 1970s
(particularly Grant, Edwards, and Kiowa counties), it has primarily occurred in isolated areas rather than region-wide,
allowing for large, continuous patches of grassland to persist. For each time period analyzed, mean patch size inMixed-Grass
Prairie was twice as large as themean patch size for the entire range and consistently had a larger area-weightedmean patch
size and effective mesh size than other regions of the lesser prairie-chicken range in Kansas, including the single largest
patch of grassland of any region at 149,356 ha in 2013. These results indicate that of the four regions, Mixed-Grass Prairie
best meets the area requirements of the lesser prairie-chicken and CRP has contributed to expanding grassland area in this
region. Indeed, the lesser prairie-chicken population in the Mixed-Grass has remained relatively stable since 1991 (Pitman,
2014). However, other anthropogenic activities threaten to undermine the expanses of grassland that exist in this region.
Mixed-Grass Prairie primarily represented the Mixed-Grass Prairie Ecoregion (Wolfe et al., 2016). The emergence of oil and
gas development as well as wind energy in this region function as barriers to lesser prairie-chicken mobility, hindering
the ability of individuals to travel among populations (Wolfe et al., 2016). Within this ecoregion, there is a concern that
despite large grassland patches, populations of lesser prairie-chickens are becoming increasingly isolated, increasing the
risk of inbreeding depression and a loss of genetic diversity (Oyler-McCance et al., 2016; Wolfe et al., 2016). Oyler-McCance
et al. (2016) concluded that the Mixed-Grass Prairie population of lesser prairie-chickens was genetically the likely source
population for the Short-Grass Prairie population. However, the process of dispersal among populations of lesser prairie-
chicken remains unclear and until additional information on landscape use during dispersal is available, it is difficult to
assess the role of the CRP in facilitating movement of lesser prairie-chickens into the Short-Grass Prairie population.
In addition, establishment and rapid spread of eastern red cedar (Juniperus virginiana) is rapidly reducing available habitat
in the eastern portion of the Mixed-Grass Prairie as lesser prairie-chickens avoid areas with>2 trees/ha (Lautenbach et al.,
2016).We did not separate out area dominated by eastern red cedar becausewewere focused on the conversion of grassland
to cropland since the 1950s. Because removal of trees would restore existing grasslands, the area of trees was not included
as grassland lost. For the Mixed-Grass Prairie of Kansas, the proportion of area with>1% canopy cover of eastern red cedar
is 0.099 (SD= 0.029). The temporal expansion rate of eastern red cedar into the Mixed-Grass Prairie of Kansas is unknown
and merits research to further document loss of quality habitat available to lesser prairie-chickens.
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Cimarron Sage was the only region within the lesser prairie-chicken range of Kansas in which the dominant cover type
changed from cropland to grassland between 1950 and 2013. Between 1950 and 1985, the percentage of the landscape
attributed to grassland never exceeded 47% and was relatively constant, as the amount of grassland decreased by only 0.9%.
However, following the implementation of the CRP, the amount of grassland in Cimarron Sage dramatically increased from
46.4% of the landscape in 1985 to 61.7% of the landscape in 1994. Of the four regions individually examined, Cimarron Sage
had the largest increase in mean patch size between 1950 and 2013, growing by 75.9% during this time period (from 30.6
ha to 53.9 ha). Similar increases in area-weighted mean patch size (41.0%) and effective mesh size (80.2%) further illustrate
that grassland became more connected within Cimarron Sage as the result of CRP.
Cimarron Sage lies within the Sand Sagebrush Prairie Ecoregion in Kansas, which until the 1990s had the greatest density
of lesser prairie-chickens in the state (Boal and Haukos, 2016; Haukos et al., 2016). Unfortunately, abundance of lesser
prairie-chickens has dramatically declined in the ecoregion, where contemporary population estimates (<1,000 individuals)
are lower than any ecoregion despite the increasing area of grassland (McDonald et al., 2014b). Concern on the status of
the population is reflected in the lesser prairie-chicken Range-wide Conservation Plan where the restoration goal for this
ecoregion is >176,000 ha, greater than all other ecoregions (Van Pelt et al., 2013). While CRP has been able to reclaim
areas that were formerly cropland and increase grassland patch sizes and connectivity, there is limited knowledge of sand
sagebrush ecology, making restoration of quality habitat for lesser prairie-chicken difficult in the Cimarron Sage (Thacker et
al., 2013).
Assessment of the landscape in Arkansas Sage of the Kansas lesser prairie-chicken range indicates little change in the
area of grassland since the 1950s. However, this region experienced a 19.6% decrease in the amount of grassland between
1950 and 1985, with 16.0% of the decrease occurring between the 1960s and 1978 (Fig. 5), which wasmuch greater than any
other Region in Kansas (Sexson, 1980; Haukos et al., 2016). Advances in center-pivot irrigation technology allowed for areas
previously unsuitable for crop production (i.e., sandy soils) to successfully produce a variety of crops.With the Arkansas River
and Ogallala Aquifer as water resources, much of the eastern portion of Arkansas Sage was converted from sand sagebrush
prairie to center-pivot irrigation during this time period (Fig. 5).
Fig. 5. Land cover map of Arkansas Sage (Region 5) in the lesser prairie-chicken range of Kansas, USA, during the 1960s (A) and 1985 (B).
Despite the total area of grassland in Arkansas Sage restored to levels exceeding those in the 1950s due to the CRP, the new
configuration of grassland ismore fragmented, less connected, and shiftedwithin the region than the historical configuration
(Fig. 5). Although the mean patch size in 2013 was nearly identical to its value in 1950 (50.1 ha to 50.3 ha), area-weighted
mean patch size, which more accurately represents conditions a lesser prairie-chicken would experience, has decreased by
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53% since the 1950s. During the 1950s, prior to center-pivot irrigation appearing in the eastern half of Arkansas Sage, the
largest area-weightedmean patch size (82,030 ha) and the highest largest patch index value (32.4%) were found in Arkansas
Sage. These metrics decreased between 1960 and 1985 when the majority of pivot irrigation was implemented. While the
CRP has provided additional grassland area over the last 30 years, the majority of this occurred in the western portion of
Arkansas Sage, which already existed as cropland during the 1950s, rather than reclaiming the area lost to contemporary
center-pivot irrigation. The addition of center-pivot irrigation, as well as the addition of CRP in the western half of Arkansas
Sage, greatly increased the amount of edge by creating smaller patches of grassland.
6. Conclusion
Remotely sensed data such as aerial photography and satellite imagery are effective means of monitoring andmeasuring
changes in the extent and configuration of land cover in response to anthropogenic activities. As land cover responds
to political, social, and economic activity, the ability to monitor and measure these changes will play a key role in the
management of species of conservation concern such as the lesser prairie-chicken. The area of grassland within the lesser
prairie-chicken range of Kansas has increased since the 1950s from 50.0% to 53.9% in 2013. This is in direct response
to government sponsored programs, primarily the CRP, which has restored patches of natural land cover lost through
intensive farming practices, while providing habitat for the lesser prairie-chicken (Dahlgren et al., 2016). With relatively
high commodity prices and land owners having other options for land management such as wind energy or oil and gas
development, the future of the CRP in Kansas is uncertain. Recent federal legislation has capped the amount of land eligible
for CRP, as highlighted by its 15% reduction in land area eligible for CRP enrollment between 2012 and 2016 much of which
was in the lesser prairie-chicken range of Kansas. Broad-scale conversion of CRP to tillage agriculture could negatively affect
the lesser prairie-chicken. The Short-Grass Prairie/CRPMosaic Ecoregion,which currently supports∼65%of rangewide lesser
prairie-chicken population, is primarily viable habitat because of the presence of CRP. However, the mechanism by which
the CRP supports lesser prairie-chickens remains unclear. With declining area of CRP enrollment, conservation efforts may
be improved by identifying focal areas of existing CRP to ensure continued benefits to lesser prairie-chickens bymaximizing
patch size and connectivity of grassland areas (Hagen et al., 2016; Ross et al., 2016).
One approach to retain CRP fields as grassland, but in the face of reduced CRP contract enrollment, is to retain
the primary land-use of these as working grasslands (Natural Resource Conservation Service, 2016). Ecologically-based
grazing management can be compatible with lesser prairie-chicken ecology and may increase the likelihood of the species’
occurrence in these grassland landscapes (Hagen et al., 2016). The expiration of a CRP contract does not necessarily equate to
conversion of that land back to tillage agriculture (NRCS 2016). In fact, a recent remote-sensing survey of CRP fields in which
their contracts had expired between 2008 and 2012 indicated that more than 88% of those fields were retained as grasslands
across the species distribution (C. A. Hagen, unpublished data). Thus, if a principal goal is to conserve lesser prairie-chickens
in Kansas, maintaining CRP as a grassland either through continued enrollment in the program or adapting those lands to
ecologically-based grazingmanagement schemes could prove beneficial at the landscape scale (Hagen et al., 2016). Targeted
delivery of grassland retention could be focused on those landscapes at greatest risk of conversion to cropland in Short-Grass
Prairie/CRP Mosaic Ecoregion, which supports the largest abundance of lesser prairie-chickens. Strategic implementation
of new CRP and retention of existing fields could be facilitated in a similar manner but focused on connective landscapes
betweenmetapopulations in theMixed-Grass Prairie and Sand Sagebrush Prairie Ecoregions to reduce this risk of population
isolation. The extent of grasslands in an agricultural landscape appears to increase the resilience of lesser prairie-chicken
populations in the face of drought, and maintaining cropland at <10% of a grassland landscape can be of added value to
that resilience (Ross et al., 2016). At the broadest scale maintaining prairie as prairie is paramount to lesser prairie-chicken
ecology (Hagen and Elmore, 2016) and CRP fields can be instrumental in that conservation effort (Hagen et al., 2016; Ross et
al., 2016).
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